A method for mapping nucleosome contacts and relative nucleosome orientations reveals new detail about the folding of the S. cerevisiae genome. Two new chromatin folding patterns emerge, with one enriched and the other depleted at transcription start and end sites.
Mapping the linear and three-dimensional organization of chromatin in its native nuclear context is a key step in deciphering how cell-type-or cell-state-specific transcriptional regulatory programs arise from eukaryotic genome organization. Significant progress has been made toward this end through assays that map one-dimensional features at nucleosome scale, such as micrococcal nuclease digestion and sequencing (MNase-seq) (Henikoff et al., 2011) , and through assays that detect long-range three-dimensional DNA-DNA contacts by proximity ligation, like high-throughput chromatin conformation capture (Hi-C) (Rao et al., 2014) . Between these two regimes, the intermediate-length scale that spans a few nucleosomes and up to a few thousand base pairs has remained poorly understood. In this issue of Cell, Ohno et al. (2019) build on an existing method called Micro-C (Hsieh et al., 2015) , to develop Hi-CO, a method that maps inter-nucleosome spatial proximity to add a new layer to intermediate-scale chromatin conformation maps: the relative orientations of nucleosomes.
One of the challenges of probing intermediate-scale chromatin structure is that the many weak interactions that shape it in vivo are difficult to reproduce under the dilute in vitro conditions amenable to structural analysis. Models of threedimensional chromatin structure have existed for decades and, until recently, were dominated by an extended beads-on-astring model for active chromatin and a longstanding debate between regular 30-nm-diameter fibers with either solenoid or zig-zag geometry for inactive chromatin. This debate has become moot, as more recent data from X-ray scattering (Nishino et al., 2012) , super-resolution light microscopy (Ricci et al., 2015) , and electron microscopy (Ou et al., 2017) show that chromatin fibers in situ are far more heterogeneous than previously thought and do not resemble the regular arrays formed under dilute conditions in vitro. Micro-C showed that despite the lack of long-range-ordered chromatin fibers, there may nevertheless be short-range order in the nucleosome interactions of budding yeast chromatin. Although Hsieh et al. did not observe long-range 30-nm fiber-like contacts, they did observe nextnearest-neighbor interactions. These data prompted Hsieh et al. to propose a tetranucleosome model of in vivo chromatin folding reminiscent of an in vitro reconstituted tetranucleosome structure (Schalch et al., 2005) , which is also qualitatively consistent with ionizing radiation-based chromatin structure mapping data showing an enhancement of next-nearest-neighbor nucleosome contacts in repressed mammalian chromatin (Risca et al., 2017) .
More data are needed to constrain models of chromatin conformation because different fiber topologies usually produce very subtle variations in proximity profiles, and these differences are embedded in a highly heterogeneous ensemble of structures. Nucleosome orientation measurements promise to help constrain models of nucleosome-nucleosome interactions. They are delivered by Ohno et al.'s Hi-CO method, which stands for Hi-C with nucleosome orientation (Ohno et al., 2019) . As in Micro-C (Hsieh et al., 2015) , crosslinked chromatin is digested with MNase, and the free ends of nucleosome-wrapped DNA are ligated back together such that DNA ends that are close to each other in 3D space have a higher probability of being ligated. The resulting DNA fragments are then sequenced to determine which parts of the genome were in contact in the folded chromatin. Because DNA sequence is directional, it is possible to define an ''entry'' and an ''exit'' point for the DNA wrapping each nucleosome ( Figure 1A) . In Micro-C experiments, many sequenced DNA fragments have to be eliminated from analysis, because it is impossible to tell the difference between, say, two adjacent nucleosomes that are ligated back together in a head-to-tail (exit-to-entry) orientation and two that were never cut by MNase in the first place. Hi-CO makes it possible to distinguish these cases by adding a short adapter DNA during the ligation step. It is then possible to analyze all possible ligation products and to determine their relative orientations. Nucleosome orientation is defined as the way in which the entry and exit points of nucleosomes are ligated back together and carries information about how those nucleosomes were arranged in 3D space in the native chromatin context.
Ohno et al. apply Hi-CO to the genome of the budding yeast Saccharomyces cerevisiae to build a map of nucleosome orientations for cells throughout the cell cycle, as well as for cells growing in two different carbon sources. They refine the Hsieh et al. tetranucleosome model by adding nucleosome orientation information. Through simulations constrained by Hi-CO data, they infer that two commonly observed nucleosome contact patterns are consistent with two tetra-nucleosome structural motifs that differ in how the fourth nucleosome is stacked relative to the other three: a tetrahedron-like a-structure and a rhombus-like b-structure ( Figure 1B) . The b-structure contacts are enriched at transcription start and end sites of genes, suggesting that it may be associated with active chromatin. They also observe oriented clusters of nucleosomes and find that although overall compaction changes with transcription of a gene, changes in nucleosome orientation sometimes occur together with epigenome changes without a difference in transcription. This suggests that orientation may be regulated by chromatin remodelers and histone modifications.
The inter-nucleosome contact patterns revealed by Hi-CO are complex, reflecting the heterogeneity of chromatin across sequence space. They open up several questions about the nature of the underlying chromatin structures that give rise to them. First, can the aand b-structural motifs inferred from Hi-CO be observed directly by imaging methods like cryoe-lectron tomography or ChromEMT (Ou et al., 2017) ? Second, what DNA conformations, including bending angles and inter-nucleosome linker lengths, can they accommodate? An important next step in understanding chromatin structure motifs will be to integrate Hi-CO data with models that explicitly account for the bending and torsional rigidity of DNA, which are important factors shaping chromatin conformation at the oligo-nucleosome length scale (Koslover et al., 2010) . Third, Ohno et al.'s data from mutant yeast strains suggest that histone acetylation may be involved in promoting betastructures and altering nucleosome orientation. Can such orientation patterns be reconstituted in vitro? If so, what are their dynamics, and what chromatin interacting factors are needed to stabilize them?
The development of Hi-CO and the mapping of nucleosome orientations in yeast is an exciting step toward the generation of the multi-scale, multi-modal, sequence-specific datasets. These measurements will help to constrain models of chromatin organization that can explain structurefunction relationships in transcriptional regulation. (Schalch et al., 2005) , compared against the aand b-structure models derived from simulations based on Hi-CO nucleosome orientation and nucleosome proximity data. The b-structure is enriched at transcription start and end sites of budding yeast genes.
